Abstract. The actual increase in the rate of malignant tumors has been ascribed to a higher life expectancy and the influence of various environmental factors. Herein, we present data on the frequency of malignant tumors in paleopathologically well-defined historic populations. Thereby, we looked for malignant growth affecting the skeleton in three study populations of 905 individuals that have been excavated from the necropoles of Thebes-West and Abydos, Upper Egypt covering the time period between 3200 and 500 BC and 2547 individuals that have been buried in a Southern German ossuary dating from between AD 1400 and 1800. The tissue preservation of both the Egyptian and Southern German material was excellent. All available specimens were subjected to a very careful macroscopic examination; isolated findings were also radiologically investigated. In parallel, anthropological data, such as gender and age at death, were recorded. We identified 5 cases of malignant tumors affecting the skeleton in the Egyptian material and 13 cases affecting the skeletal material from Southern Germany. In most instances, multiple osteolytic lesions with slight osteoblastic reaction are strongly suggestive for metastatic carcinoma. Few cases with poorly reactive osteolyses were most compatible with plasmacytoma. Relative tumor frequencies on an age-and sex-adjusted population basis (using a mathematic model of skeletal involvement of malignant tumors in a well-defined English study population from AD 1901 to 1905) indicated that the tumor rates were not statistically different between ancient Egyptian, the historical Southern German and the recent English reference population. These observations indicate that malignant tumors were present in spatially and temporarily different populations over the last 4000 years with an ageand gender-adjusted frequency not different from Western industrial populations of c. 100 years ago. Therefore, we conclude that the current rise in tumor frequencies in present populations is much more related to the higher life expectancy than primary environmental or genetic factors.
Introduction
The currently high rates of malignant tumors in Western industrialized populations have been ascribed to an increase in the life expectancy and increasing influence of environmental factors, in particular nutritional intake of potentially carcinogenic substances and air pollution. It can be assumed that these factors have undergone substantial changes during various periods of time, which seem to have affected historic populations to variable extent. The analysis of tumor frequencies in temporarily different populations may thus uncover the role of those factors on carcinogenesis.
To this regard, there exist only very few previous reports describing the residues of malignant tumors in historic populations of different time and localization (1) (2) (3) . Accordingly, it has been assumed that the rate of malignant tumors in historic populations was low (4) . A systematic compilation of data from the literature, assumed to cover almost all currently available references on this subject, describes out of 342 tumor cases only 126 cases with clear evidence for malignant tumor growth and 25 further cases with potentially malignant diagnosis (Nerlich et al, unpublished data) .
Due to the wealth of preserved mummy material, most cases with malignant growth properties have been identified in the human remains from ancient Egypt. Thus, up to now 39 malignant tumors have been described showing either primary or secondary manifestation of the skeleton (1, 2, 5) . These come from various periods and places of the Pharaonic Egypt and provide clear evidence that malignant tumors were present in ancient Egypt. Due to the assumption that malignant growth was a rare event in those times, this has led to the notion that carcinogenic influences would have been small in those ancient populations. In a recent publication, however, we could demonstrate that the estimated malignant tumor rate was comparable to that of a Middle European population of AD [1900] [1901] [1902] [1903] [1904] [1905] provided that a careful palaeopathological examination uncovered all cases available (5) (6) (7) .
In the present study, we extend our previous observations and describe further cases from ancient Egypt, as well as the paleopathological findings in a second study population that comes from a Southern German ossuary housing, the human remains of a small city dating between AD 1400 and 1800. Using this extended database, we provide not only novel data on the occurrence of malignant tumors in past populations but show the upcoming value of tumor paleoepidemiology. By use of this approach, the influences of living conditions, extension of life expectancy and role of external potentially carcinogenic substances may be evaluated.
Material and methods

Description of study populations
Ancient Egyptian material. The basis for this study comes from extensive paleopathological studies on two major necropolis of ancient Egypt which covers three major time periods. The skeletal remains from the pre-to early dynastic cemetery of Abydos (c. 3200-2900 BC) cover presently 189 individuals that have been buried close to the royal tombs, which suggest higher social status of those individuals (8) . They have been only lightly embalmed so that mostly only the skeletal remains are present. However, these are of excellent preservation, including the biomatrix as evidenced from our recent molecular studies on tuberculosis in that population (9) .
The second population comes from a Middle Kingdom tomb (c. 2100-1600 BC) from the necropolis of Thebes-West (TT-196) that has exclusively been used in that period (10) . These individuals were moderately well artificially embalmed. Due to excellent climatic conditions this material, though mostly skeletonized, provides also excellent preservation status. The study population covers 211 individuals of intermediate social status.
The third group of ancient Egyptians under examination comes also from the necropolis of Thebes-West and covers the time between the New Kingdom until Late Period (c. 1500-500 BC). While the New Kingdom material comes from one of the most prosperous periods in ancient Egyptian history, the material from later periods also covers individuals living under significantly poorer living conditions. Due to the archaeological findings, most material belonged to individuals of advanced social status (11) . In this group, a total of 505 individuals were investigated. Southern German material. The second study population comes from the small Southern German town of Rain/Lech, which was founded in 1250 AD as a frontier fortress. Therefore, the city was surrounded by a wall allowing only restricted space for the cemetery that was located close to the church in the centre of the city. Due to these space restrictions, the human remains had to be removed after decomposition of soft tissues and the skeleton was transferred to an ossuary. Due to archaeological evidence, the ossuary in its present form was built in 1400 AD so that the containing human remains date back to this time period. In 1803 AD, the in-town cemetery was eliminated and all further individuals were buried in an external cemetery. The skeletal remains from the ossuary therefore cover the time period of c. 1400-1800 AD.
Additionally, we have numerous data on the general town population of Rain/Lech in that time period and can estimate therefore the relative proportion of our observations on a general population basis.
The complete and careful examination of the human remains provided at least 2547 individuals buried in the ossuary as evidenced by the number of skulls that we could identify. The number of long bones (femora, tibiae etc.) was little lower indicating that the number of individuals obviously was not higher than estimated from the skull count (12) .
Analytical procedure. In order to perform a study of tumor prevalence in the two aforementioned study populations, we performed a careful and extensive anthropological and paleopathological study of that material. This was enabled by the use of a special data system called 'mummy analysis data system' (MADS; 13), which administered all objects and their relevant data.
Thereby, the individuals were anthropologically classified as male or female adults and age at death was determined on the basis of established protocols (14) . Thereby, a virtual reconstruction of the study populations was possible in the Egyptian material by >65% individuals typed for age and gender and 58% individuals similarly typed in the Southern German material.
All human remains were furthermore extensively and carefully investigated with respect to absence or presence of traces of malignant tumors, which was part of a general paleopathological analysis of all material. Samples with clear evidence for malignant growth as well as those with potential diagnosis of a malignant tumor were subsequently analyzed by radiographs or CT scan in order to determine a differential diagnosis and to further elucidate the correct diagnosis. A subtyping of tumors was performed on the basis of criteria as previously established (15) .
In an attempt to determine the relative tumor frequency on a population basis we used the anthropological data of individual age and sex distribution and applied these data and the observed tumors on the model population as determined by Waldron (7) . In that study, the frequency of malignant tumors with osseous involvement of two distinct English populations dating either from 1901 to 1905 or from 1992 was used. The database allows an estimation of the boneassociated tumor frequency in the respective population taking age-and sex-dependent differences of the tumor frequency into consideration. Thereby, an upper and lower limit of expected tumor frequency can be calculated.
Results
Ancient Egyptian populations.
In the material from ancient Egypt a total of 5 cases with clear macroscopic and radiological evidence of malignant tumor infiltration were identified ( Figs. 1 and 2 ). They were diagnosed as malignant tumors due to their destructive growth pattern, which was mainly osteolytic. In all cases, additionally, a minor osteoblastic reaction was evident at the lytic lesion margins and which was even better seen in the X-rays and/or CT-scans. All cases presented as multiple lesions. In 3 cases, there were mixed osteolytic and -blastic lesions which are highly suspected for metastatic carcinoma (Figs. 1A-C , 2). In 2 further cases, the lesions were mostly lytic with only minimal osteoblastic reaction so that they were most likely classified as plasmacytoma (Fig. 1D) . Details on affected localizations and individual data are given in Table I .
All cases were observed in the material dating back to the New Kingdom until Late Period, but none was seen in the older material (pre-/early dynastic and Middle Kingdom). Thereby, in our series the earliest tumor case dates back to max. 1500 BC.
The affected cases covered an age range between 20 and 60 years on the basis of the anthropological examination. Despite this wide age range, however, 4 cases ranged between ONCOLOGY REPORTS 16: 197-202, 2006 40 and 60 years and only one case was in a younger age group. Two cases affected females and three were seen in males thereby showing a fairly balanced gender ratio.
The final diagnosis is uncertain in all cases. However, there are some favourite differential diagnoses that might be taken into consideration. Likewise, those cases with mixed lytic and blastic osseous reaction can most likely be attributed to metastatic carcinomas. The case in the younger individual is noteworthy, since the early age is most likely indicative for an embryonic carcinoma, such as seen in testicle cancer. The 2 cases with predominant osteolytic reaction (and the multiplicity of lesions) are more suggestive for plasmacytoma. None of our cases was indicative of primary or metastatic sarcoma affecting bone.
Ancient Southern German material. In the Southern German material of at least 2547 individuals, we identified 13 cases of malignant tumor growth manifesting in the skeleton. The details of these cases are presented in Table II . On the morphological/radiological basis again most presented as mixed osteolytic and osteoblastic lesions and several cases showed multiple lesions. Thereby, the morphology of most cases was very similar to that seen in the ancient Egyptian cases. In detail, 10 cases were mixed osteolytic and osteoblastic (Fig. 3A,B) , 2 cases showed almost purely osteolytic lesions (Fig. 3C ) and 1 case presented with significant bone reaction indicating tumor-associated new bone formation (Fig. 3D) .
Again the affected individuals covered an age range between late juvenile (i.e. c. 18 years) to senile age (>60 years) with most cases seen in the advanced age group. Accordingly, 5 cases were seen in an age range of >50 years, further 6 cases were between 30 and 50 years, 1 case was that of a younger woman between 20 and 30 and one that of a late adolescent female individual. Eight males opposed 5 females indicating a male dominance and an unbalanced gender ratio, in contrast to the Egyptian population.
The final diagnoses remain uncertain also in this study group. However, the morphological pattern and the age distribution were very suggestive in 10 cases for metastatic carcinomas, while 2 purely lytic growth patterns more favour the diagnosis of plasmacytoma. In the late adolescent female individual showing a strong osteoblastic reaction, we suggest the differential diagnosis of either (osteoblastic) osteosarcoma or (osteo-inductive) meningioma. However, since the main tumor mass extended to the external surface of the skull, the meningioma diagnosis is less likely, so that we favour, despite the young age for skull osteosarcoma, this latter diagnosis in this case.
Estimation of relative tumor frequencies on an epidemiologic basis.
In a further attempt to estimate the frequency of malignant tumors on a population basis, we used for both populations the calculation model established by Waldron (7). This has been estimated on the basis of the frequency of Table I . Summary of ancient Egyptian malignant tumor cases. --------------------------------------------------------------------------------------------------- Table II . Description of Southern German bone tumor cases. 
-----------------------------------------------------------------------------------------------------Age Gender Localization Osteoblastic/lytic Presumed diagnosis -----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------- Age Gender Localization Osteoblastic/lytic Presumed diagnosis ----------------------------------------------------------------------------------------------------- 30
carcinoma) -----------------------------------------------------------------------------------------------------
osseous tumors in a well-defined population from England dating from between AD 1900 and 1905. Accordingly, we calculated in our two series the estimated frequencies of malignant tumors on a population basis. These data are determined in four different age groups (children to 18 years; 19-45 years; 46-60 years; and >60 years) and within the two gender groups (male/female).
The Egyptian material comprised a total of 905 individuals. A subdivision into the three time and space delineated populations was abandoned since the resulting populations were too small for further statistical analysis. The Southern German material was calculated on the basis of 2547 individuals as determined by a skull/skull fragment count.
The calculation of the estimated tumor frequency in the ancient Egyptian population yielded a theoretical number of between 8.45 (upper limits) and 4.13 (lower limits) tumor cases when the age-and gender-adjusted numbers were used. Rounded up or down to full numbers, this means that between 4 and 9 malignant tumors could have been expected in that material.
In the Southern German population between 19.69 (upper limits) and 10.56 (lower limits) cases of malignant tumors have been expected. In full numbers we might have seen between 11 and 20 tumor cases in this study population when we would have used the reference population from England from 1900 to 1905 AD.
Discussion
Despite the previously reported rarity of the traces of malignant tumors in the human remains of ancient populations (1-3) we describe in both our populations a considerable number of malignant tumors that had been engraved in osseous remains. This may be due to the excellent preservation status of our study material which has particularly been described for the ancient Egyptian mummies and skeletons (11) and which holds also true for the German material which has been stored in an ossuary. Likewise, our previous studies have shown in both populations the very good conservation of ancient bacterial DNA (9, 12) . Furthermore, a further contributing factor to the obviously frequent tumor diagnosis might have been our very careful interdisciplinary paleopathological study including radiological/CT-analysis in selected cases.
The respective diagnoses were based on the presence of mostly multiple osteolytic defects in various bones with frequently typical osseous reaction. This strongly suggests multifocal tumor growth. All alternatively considered diagnoses, such as multifocal osteomyelitis, hyperparathyreoidism and others, are very unlikely due to the morphology and the distribution pattern of the lesions. Furthermore, with few exceptions the age and gender spectrum is well in agreement with the tumor diagnoses that we have established. The two exceptional cases of multiple mixed osteolyticosteoblastic lesions in younger individuals may represent metastatic tumors of the embryonic carcinoma type, although a definite tumor type diagnosis cannot be provided.
Similarly, we can only speculate on the underlying primary tumors in all other cases, the predominant multiplicity of defects with osteolyses mostly suggests carcinoma metastasis. This is well in line with the distribution of malignant tumors in bone in present day populations where carcinoma metastases represent ~95% of all cases, followed by plasmacytoma which account for only <5% and malignant primary bone tumors (osteosarcoma, chondrosarcoma, malignant soft tissue sarcomas) representing <1% (15) . Although the absolute proportions in our two populations are somehow divergent to these numbers the general proportions seem to be preserved.
Very . However, these data are of only little value for comparison, since they did not take into account the population structure with respect to age and gender. The latter, however, is of major significance since malignant tumors usually occur much more frequent in older age.
In order to overcome these previous shortcomings, we calculated the frequency of malignant tumors in the overall population of mummified residues of several tombs that have as yet been carefully investigated in the necropolis of ThebesWest and the skeletons of the Southern German population. Thereby, we have investigated two populations of considerable size of at least 905 and 2457 individuals providing an adequate basis that starts to allow more precise statistical data than in our previous study on several of our Egyptian cases (5) . All Egyptian tumor cases were seen only in the New Kingdom until Late Period (i.e. between c. 1500 and 500 BC), but not in earlier time periods. Although we have still too few individuals analyzed in the early until predynastic and the Middle Kingdom periods, this may suggest lower tumor frequencies in the early Egyptian time periods. However, this assumption may be revised after the study of further cases and larger populations. Accordingly, we did not calculate relative tumor frequencies for the three ancient Egyptian time periods.
In order to provide comparable data between historic and 'modern' times and between various historic study populations, as in this study, we used an estimation model that has previously proved to be very helpful. Several years ago, Waldron (7) provided a model for the estimation of the tumor frequency on a population basis. By comparison with a defined 'control' population from England at the beginning of the 20th century and referring to the age-and sex-structure of the population under investigation, one can calculate the tumor frequency and compare it to the expected value on the basis of the English control population. The only previous study using this calculation model is ours by Zink et al (5) which showed that the expected tumor frequency was within that of the modern English one. Herein, we can clearly confirm this notion and can add further data: The extension of our study population in the Egyptian material shows again a tumor frequency within the Waldron reference group of modern England. Furthermore, the additional study ONCOLOGY REPORTS 16: 197-202, 2006 population from Southern Germany showed also a tumor frequency that was within the expected range.
In our study, we provide one of the first studies on the paleoepidemiology of malignant tumors on the basis of comparative and age-/gender-adjusted values. Thereby, we can show that malignant tumors were not significantly fewer than expected when compared to a 'modern' early 20th century English population. The most important issue to this respect is to take the significantly shorter life expectancy of historic and early modern populations into account. Thereby, the obviously low number of malignant tumors is due to the short life expectancy in historic populations. In turn, this clearly outlines that genetic and initial environmental factors may not be so relevant for the tumorigenesis, as the influence of nutrition, infections and other factors may be with lasting life. To this respect, the duration of an external influence seems to be a much more significant parameter.
Having started with this kind of tumor paleoepidemiology, we will now proceed into two directions: i) we will try to extend our paleopathological analysis to other populations from different locations and time periods, and 2), we will try to compile as much information as possible on general living conditions, including nutrition, infectious diseases, and environmental stress in order to evaluate the potential risk factors for cancer induction in the history of mankind.
